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ABSTRACT
Ultrasound as a widely used imaging means for medical diagnosis has drawn growing interests as a potential noninvasive neuromodulation strategy. Focused pulsed ultrasound effectively modulates neural encoding and transmission functions especially
in the peripheral nervous system (PNS) with unclear mechanism of action, which
is further confounded by contradictory experimental outcomes. Lack of convincing
experimental methods has hindered our mechanistic understanding of ultrasonic PNS
neuromodulation. To address that, we developed a novel in vitro set up to achieve
simultaneous single-unit recordings from individual mouse sciatic nerve axon and systematically studied the effect of focused pulsed ultrasound (FPUS) on action potential
transmission in individual axons. Unlike previous results that were derived from bulk
recordings of compound action potentials (CAP) or evoked muscle forces, our singleunit recordings afford superior spatial and temporal resolution to reveal the subtle but
consistent effect of ultrasonic neuromodulation. Our results indicate that, 1) FPUS
does not evoke action potentials in mouse sciatic nerve directly at all the tested intensities (spatial peak temporal average intensity, ISP T A of 0.91 to 28.2 W/cm2 ); 2)
FPUS increases the nerve conduction velocity (CV) in both fast-conducting A- and
slow-conducting C- type axons with effect more pronounced at increased stimulus
duration and intensity; and 3) Effect of increased CV is reversible and cannot be
attributed to the change of local temperature. Our results fortify the assumptions of
non-thermal mechanisms underlying ultrasonic neuromodulation with low-intensity
FPUS and provide with an accurate experimental basis, for the validation of existing
hypotheses and models (e.g., NICE, flexoelectricity, soliton) and discovery of any new
theorem.
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Chapter 1
Introduction
Ultrasound (US) has been prevailing the field of medical diagnosis for long (VanHouwelingen et al., 2017; Zilli et al., 2017; Park et al., 2017; Brennan et al., 2017;
Singh et al., 2017; Sharma et al., 2017; Breda et al., 2017) but yet to be established
as a therapeutic paradigm. To explore the therapeutic potentials numerous research
endeavors have been undertaken over the years targeting the neuromdulatory effects
induced by US and the causes underlying, considering the noninvasive characteristics
it possesses. Early works involved invasive surgical processes and aimed to explore the
US modulation effects on nerves. Harvey reported that innervated skeletal muscles,
harvested from frogs and turtles responded to US stimulation in vitro (Harvey, 1929).
Foster also reported the activation effect US to evoke auditory nerve responses and
cochlear micro-phonics in cats in vivo (Foster and Wiederhold, 1978). In contrast,
two other early works reported suppression of sensory evoked potential after the application of US including blockage of compound action potentials (CAP) in saphenous
nerve in vivo by US stimulation of cat visual cortex (Young and Henneman, 1961; Fry,
1
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1958). Following these historical groundbreaking observations, a number of research
works have been rendered targeting both the central and peripheral nervous systems
(CNS, PNS).

Research on the US effect on the CNS were focused on the disruption of blood
brain barrier (BBB), motor and sensory responses, and suppressed or evoked action
potentials e.g.,(Kobus et al., 2016; Kamimura et al., 2016; Kim et al., 2015; Chu et al.,
2015; Mehic et al., 2014; Kim et al., 2014b,a; King et al., 2013; Yoo et al., 2011; Tufail
et al., 2010; Hynynen et al., 2005), which culminated in the approval of the Food and
Drug Administration (FDA) to treat refractory patients with essential tremor using
MR-guided focused ultrasound (MRgFUS) (Fishman and Frenkel, 2017). In addition,
ex vivo studies on hippocampal slice cultures have shown that, low-intensity FPUS
can elicit electrical activities as indicated by calcium imaging from mouse (Tyler et
al., 2008) and simultaneously enhance (at fiber volley) and suppress (at dendritic layers) CAP as indicated by electrophysiological recording from rat hippocampal dentate
gyrus (Bachtold et al., 1998).

The significant effect of US on the PNS has been reported by studies of humans
and several animal species.US appears to evoke or enhance the peripheral neural activities, including increase in both CAP amplitude and conduction velocity (CV) in
frog sciatic nerve in vitro (Tsui et al., 2005); sensitization of neuron in C. elegans (Ibsen et al., 2015); deqi sensation due to transcutaneous stimulation of an acupuncture
point (LI4, He Gu) (Yoo et al., 2014); and induction of different somatosensory sensations in human skin (ab Ithel Davies et al., 1996). In contrast, US has also shown
to attenuate or block peripheral neural activities, including inhibition of rhythmic
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bladder contraction by transcutaneous stimulation targeting posterior tibial nerve in
rats in vivo (Casella et al., 2017); conduction block of sciatic nerves from normal and
neuropathic rats with high intensity focused ultrasound (HIFU) in vitro (Lee et al.,
2015); suppression in conduction due to transcutaneous application of low-intensity
focused ultrasound (LIFU) in rat vagus nerve in vivo (Juan et al., 2014); and decrease in nerve action potential in bullfrog sciatic nerve with HIFU stimulation in
vitro (Colucci et al., 2009). Other studies reported both enhanced and suppressed
effects form US stimulation including, enhancement and suppression of relative excitability of frog sciatic nerve in vitro (Mihran et al., 1990).

In this current study, we have presented the neuromodulatory effects of focused
pulsed ultrasound (FPUS), on mice sciatic nerves, in vitro, based upon single-unit
recordings. To the best of our knowledge, this is the first ever attempt to explore
the effect of ultrasonic stimulation on the peripheral nerve at single neuron/axon
resolution. We have observed that, with the increase of US intensity the conduction
delay (CD) decreases or alternatively the CV increases. We have also explored that,
if we keep the US intensity constant, the CV increases with the increase of stimulus
duration. Moreover, we have not found any discriminatory responses between slowconducting C-fibers and fast-conducting A-fibers. Finally, we have investigated that,
the change in CV is completely reversible and the process of recovery initiates right
at the halt of US stimulation. From the perspective of our study, a summary of the
selected works, has been presented below in a form of table (Fig. 1.0.1).

4

Figure 1.0.1: Summary of the previous studies on US neuromodulation.

Chapter 2
Methods
All experimental procedures involving animals were performed in compliance with
the standards set by the University of Connecticut Institutional Animal Care and
Use Committee (IACUC).

2.1

Design of an in vitro setup to allow single-unit
recoding and stimulation

To achieve reliable in vitro single-unit recordings from sciatic nerve and robust delivery of focused ultrasonic stimulation, we developed a custom-built three-chamber
setup as schemed in Fig. 2.0.1A, which consists of a tissue chamber perfused with
Krebs solution, a nerve recording chamber covered with paraffin oil, and a coneshaped water chamber underneath to ensure the alignment of the focal point of the
disc-shaped ultrasonic transducer with the nerve segment to be modulated. The
cone-shaped water chamber is separated from the tissue chamber by a 0.2 mm- thick
5
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Figure 2.0.1: Schematic diagram of the in vitro single-unit recording setup to assess the
neuromodulatory effect of focused pulsed ultrasound (FPUS). (A) The setup consists of a
tissue chamber perfused with Krebs solution, a recording chamber covered with paraffin
oil and a water chamber for delivery of FPUS. (B) Top isometric view of the custom-built
tissue chamber and recording chamber.

polystyrene film allowing a minimal attenuation of ultrasonic energy. The main sciatic nerve segment (∼ 25 mm) is placed in the tissue chamber perfused (4- 6 mL/min)
with the Krebs solution which contains (in mM): 117.9 NaCl, 4.7 KCl, 25 N aHCO3 ,
1.3 N aH2 P O4 , 1.2 M gSO4 , 2.5 CaCl2 , and 11.1 D- Glucose, is oxygenated by 95%
O2 & 5% CO2 and maintained at 30- 32°C by a temperature controller. The recording
chamber is separated from the tissue chamber by a gate with a mouse hole at the
bottom, allowing the ∼5mm distal sciatic nerve to be pulled into the recording chamber and placed onto a glass mirror for nerve fiber splitting. The recording chamber is
covered with paraffin oil (Fisher Scientific, Waltham, MA) to enhance the recording
single-to-noise ratio (Chen et al., 2017). The solution volume in the tissue chamber was limited to be no more than 6 mL to allow periodic replacement of chamber
solution (within 1 min for 6mL/min flow). The nerve was laid on the surface with

7

Figure 2.1.1: Custom-built three-chamber setup for single-unit recordings from individual
sciatic nerve axons while conducting FPUS on nerve segment. (A) A picture of the whole
setup. (B) Sciatic nerve before (left) and after (right) splitting into fine bundles. (C)
Magnified view of the split nerve and tiny (∼20µm cross sectional area) axon bundles. (D)
Custom-built microelectrode array used for extracellular single-unit recording.

the proximal end in tissue chamber and the distal end in recording chamber. The
bottom surface of the perfusion chamber was covered by a layer of silicone (Sylgard
182 Silicone Elastomer; Dow Corning, Midland, MI) for the ease of pinning down the
nerve.

8

2.2

Mouse sciatic nerve harvesting and splitting

Sciatic nerves were harvested from male C57BL/6 mice aged 6- 8 weeks, 20- 30 g
(Taconic, Germantown, NJ). A mouse was euthanized by overdose inhalation of isoflurane, perforation of the right atrium, and transcardiac perfusion with oxygenated
Krebs solution via the tip of the left ventricle for proper exsanguination. Bilateral
sciatic nerves, each ∼30 mm, were harvested from their proximal projections to the
L4 spinal cord to their distal branches innervating gastrocnemius muscles. The nerves
were transferred to the custom-built tissue chamber (Fig. 2.0.1B, 2.1.1B ) perfused
with oxygenated Krebs solution of 30- 32°C . The proximal region of the sciatic nerve
(∼25 mm) was attached to the bottom of the tissue chamber by carefully pinning
down the attached connective tissue, of which the ∼2 mm nerve segment was placed
on the polystyrene film separating the tissue chamber from the cone-shaped water
chamber, i.e., the focal region of the disk-shaped ultrasonic transducer underneath
(Fig. 2.0.1A, 2.1.1A ). Pulled through the mouse hole under the gate separating
the tissue and recording chambers, the distal end (∼5 mm) of the sciatic nerve was
laid onto a glass mirror in the recording chamber to allow splitting into fine nerve
filaments. To achieve single-unit recording with higher signal-to-noise ratio (SNR),
the connective tissue layers consisting of epineurium and perineurium were removed
by meticulous dissection so as to unwrap the nerve fascicles allowing further splitting
into fine nerve filaments of ∼20 µm thick (Fig. 2.1.1B,C).
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2.3

Ultrasonic and electrical stimulation protocol

A focused US transducer (H-101G, Sonic Concepts, Washington, USA) with a center
frequency of 1.1 MHz was used to deliver focused pulsed ultrasound (FPUS) to the
sciatic nerve in vitro. An arbitrary waveform generator (BK Precision 4054, Yorba
Linda, CA) was used to deliver square pulses (200 kHz pulse repetition frequency
[PRF], 200 ns pulse width) to a radiofrequency (RF) power amplifier (E&I A-300,
Electronics & Innovation, Rochester, NY) via an adjustable attenuator (50DR-046,
JFW Industries, Indianapolis, IN). The RF power amplifier drives the US transducer
via a fundamental resonance impedance matching network to ensure optimal energy
transfer to the transducer. The ultrasonic energy is transmitted through degassed
water in the cone-shaped water chamber with an ellipsoidal focal region of 1.3 mm
wide transversely and 9.7 mm long axially (at -6 dB attenuation range). The US intensity was validated and tracked by a needle hydrophone (HNR- 1000, Onda Corp.,
Sunnyvale, CA) during the alignment process. The same hydrophone was also used
for creating the US stimulus intensity profile at the focal region during the in vitro
experiments. The sciatic nerve was electrically stimulated at the proximal end by a
liquid suction electrode fabricated with quartz glass capillary providing monopolar
cathodal current pulses (0.5 Hz, 2 mA amplitude, 0.2 ms pulse width) via a stimulus
isolation unit (A365, World Precision Instruments, Sarasota, FL).

To assess the effect of US stimulation on individual sciatic nerve axon, the stimulus
protocol evokes action potentials at the proximal end of the sciatic nerve and consists
of 90 electrical stimulation pulses at 0.5 Hz , which are divided as pre- US stimulation
pulses (1- 20), during US stimulation pulses (21- 40) and post- US stimulation pulses
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(41- 90). For each 90- pulse (20-20-50) protocol, the US stimulation intensity remains
the same. For each nerve axon, 3- 5 protocols with different US stimulation intensities
were assessed (ISP T A , spatial peak temporal average intensity in W/cm2 : 0.91, 2.99,
14.5 and 28.2). To avoid nerve fatigue, a gap of at least 5 minutes was ensured
between successive protocols.

2.4

Single-unit recording with multi-wire electrode
array

For the single-unit recording from the split nerve fibers, a customized 5-channel
electrode array (Fig. 2.1.1D) was fabricated with a PCB board and micro-wires
(Nichrome, 65 µm thick, A-M Systems Inc., Sequim, WA) as reported previously
(Chen et al., 2017). One end of the PCB board was configured with the connectors
compatible with the recording device while the other end was connected to microwires through metal pads. Micro-wires were organized in parallel and set 100- 150 µm
apart from each other. The insulation (Formvar) of the micro-wires were peeled off
at the ∼2 mm distal end to expose the conducting tips and the shaft of the electrode
array was insulated by a thin layer of silicone for proper electrical insulation and
mechanical support. Single-unit action potentials recorded from the multi-channel
electrodes were digitized at 25 kHz, band-pass filtered (300- 3000 Hz), and stored
into a PC using an integrated neural stimulation and recording system (RZ5D and
PZ5-32, Tucker Davis Technologies, FL) (Chen et al., 2017).

11

2.5

Temperature measurement at the US focal zone
and solution

The temperature of the oxygenated Krebs solution flowing through the perfusion
chamber was kept constant at 30- 32°C using a heated circulating bath (1130-A, Poly
Science, Niles, IL). The temperature of the solution was monitored by a digital thermometer (Durac, H-B Instrument, Trappe, PA). In addition, the instantaneous temperature at the focal zone of the US transducer during US stimulation was measured
using an infrared imaging camera (FLIR One, FLIR Systems, Wilsonville, Oregon)
with 0.1°C detection resolution. Change of focal temperature was measured at all
four US stimulus intensities during the ultrasonic and electrical stimulation protocol
described above (in W/cm2 : 0.91, 2.99, 14.5 and 28.2).

2.6

Histological assessment

Histological assessments were conducted on the sciatic nerve tissues to see if there is
any deleterious effect of FPUS. For this purpose, 4 sciatic nerves were harvested and
each were subjected to the electrical and US stimulation protocol mentioned above: 1
with control, 2 with 2.99 and 28.2 W/cm2 ISP T A and the other one with a significantly
higher stimulus intensity of 102.31 W/cm2 ISP T A .

Methods were reported previously in details (Chen et al., 2017). Briefly, the
specimens were then collected and fixed at 4°C for 60 min in a 0.12 M phosphate
buffer solution (PB, pH 7.2) containing 2.5% glutaraldehyde, 2% paraformaldehyde,
and 3 mM M gCl2 . Following two rinses in PB, the tissues were further fixed with
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1% Osmium tetroxide in 0.12 M PB at room temperature for 2 hours in the dark.
After an additional rinse in PB, the tissues were dehydrated through a series of 30,
50, 70, 95 and 100% ethyl ethanol for 10 min each followed by two exposures to 100%
propylene oxide for 10 min each. Tissues were then flat-embedded in an epoxy resin
mixture and polymerized at 60°C for 48 hours. Blocks were sectioned on an ultramicrotome (Leica, Bannockburn, IL) and collected on grids. Grids were then stained
in 2% uranyl acetate and 2.5% Satos lead citrate, washed with water, and dried at
room temperature. The images were taken with an FEI Tecnai T12 transmission
electron microscope equipped with an AMT 2K XR40 CCD (4 megapixel) camera at
an accelerating voltage of 80 KV.

2.7

Data processing and statistical analysis

For quantifying US intensity, an oscilloscope (BK Precision 2540B Series, Yorba
Linda, CA) was used to acquire the impulse responses of the transducer at varying US stimulation parameters, which were digitized, loaded into a PC via Comsoft2
software (B&K Precision Corp.) and post-hoc processed using MATLAB (Mathworks R2016b). Following a previous report (Harris, 1985), the spatial peak temporal
average intensity (ISP T A ) of ultrasonic stimulation was calculated according to the
following equation set:

ISP T A = ESP × P RF

ESP

1
= max[E(t) =
Kf 2

Z
0

(2.7.1)

t

v(τ )2 dτ ]

(2.7.2)
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Kf 2 = 10−8 ρcM 2

(2.7.3)

In which, PRF (in Hz) is the pulse repetition frequency, and ESP (in J/cm2 )
stands for spatial peak pulse intensity integral which is the final value of pulse intensity integral E(t) (in J/cm2 ) defined by Equation 2.7.2. The v(τ ) stands for the
response of the US transducer to a short voltage spike which is several cycles in duration or ∼6 µs for the transducer we used. The intensity response factor Kf 2 (in
V 2 cm2 /W ) was related to the conventional free-field voltage sensitivity M according
to equation 2.7.3, where, ρ (in kg/m3 ) and c (in m/s) stand for density of water and
speed of acoustic wave in water, respectively (Harris, 1985).

The data from single-unit recording were processed offline using customized programs in MATLAB (Mathworks R2016b). Before delivering any electrical stimulus,
data were recorded for 5 ms to determine the root mean square (RMS) value of the
noise corresponding to a particular recording channel which was later used to set the
detection threshold, varying from 4- 10 times the noise RMS, depending on the SNR
and other characteristics of a specific spike. Approaching from left, the first value
of a spike exceeding the detection threshold was defined as the onset of an action
potential. The time difference between the onset of a stimulus artefact and the onset
of the action potential was defined as the conduction delay of that spike. The distance between the stimulating and recording electrode was measured to compute the
conduction velocity (CV).

Chapter 3
Results

3.1

US stimulation up to 28.2 W/cm2 did not directly activate mouse sciatic nerve in vitro.

First, single-unit recordings from peripheral nerve axons were achieved as shown
in Fig. 3.1.1A in which action potentials were evoked by electrically stimulating
the proximal end of the sciatic nerve in the tissue chamber via a suction electrode
(cathodal monopolar, 0.5 Hz, 2 mA amplitude, 0.2 ms duration). Spontaneous firing
activities were not detected in the in vitro sciatic nerve. FPUS of 40 seconds alone at
all four intensities (0.91, 2.99, 14.5 and 28.2 W/cm2 ) did not evoke any neural action
potentials in the sciatic nerve with examples of the lowest and highest intensity as
shown in Fig. 3.1.1B and 3.1.1C, respectively. Our single-unit recordings were unaffected by the brief FPUS stimulation as indicated by identical responses to electrical
stimulation 20 mins after the FPUS stimulation (Fig. 3.1.1D) when compared to the
pre-FPUS response (Fig. 3.1.1A). Consistent with our previous report (Chen et al.,
14
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Figure 3.1.1: FPUS alone did not evoke action potentials in sciatic nerve in vitro. (A)
Electrical stimulation evoked action potentials as revealed by single-unit recordings (cathodal monopolar, 0.5 Hz, 2 mA amplitude, 0.2 ms duration). FPUS alone for 40 sec did not
evoke action potentials at either 0.91 (B) or 28.2 W/cm2 (C). (D) Single-unit recordings
evoked by electrical stimulation 20 mins after the FPUS is almost identical to recordings in
(A).
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2017), in vitro single-unit recordings from sciatic nerves is robust and repeatable for
at least 20 mins.

3.2

FPUS enhanced the conduction velocity of both
A- and C- type sciatic nerve axons.

The effect of US stimulation on action potential transmission was assessed by concurrent electrical stimulation at the proximal nerve ending (to evoke action potentials)
and FPUS stimulation at the ∼2 mm middle segment of the sciatic nerve. Displayed
in Fig. 3.2.1A are typical single-unit recordings of electrically evoked action potentials
before (pre), during and after (post) FPUS stimulation. As described in the methods,
a total of 90 electrical stimulus pulses (0.5 Hz) was delivered and US stimulation was
delivered from the 21st to the 40th stimulus pulse. For consistent comparison, a snippet (120 ms) of data was recorded triggered by each electrical stimulation as shown
in Fig. 3.2.1A. Consistent decrease of conduction delay or increase of conduction
velocity is observed in all recorded axons. As an example from a slow-conducting C
fiber (CV < 1 m/s), the conduction delay following FPUS reduced to 43.9 ms from
45.4 ms (in pre stimulus phase) and then again retained the value of 45.4 ms after
recovery from FPUS. Spikes from an A fiber (CV > 1 m/s) also shows very similar characteristics which collectively present the cardinal FPUS stimulation effect we
have observed in this study.

Displayed in Fig. 3.2.1B is the typical plots of conduction delays measured from
a C- and A-type axons, respectively. Both fibers were tested with 4 different FPUS
intensities (in W/cm2 : 0.91, 2.99, 14.5 and 28.2) and a control without FPUS. Dur-
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Figure 3.2.1: FPUS decreases conduction delays of both C- and A- type sciatic nerve
axons. (A) Representative single-unit recordings following the 20-20-50 protocol of FPUS,
including recordings from the same nerve filaments pre-, during, and post FPUS. The top
most bar represents 20- 20- 50 stimulation protocol. The conduction delays from a slowconducting C- fiber (CV < 1 m/s) and a fast-conducting A- fiber (CV > 1 m/s) were labeled
to indicate the subtle by consistent increase of CV following FPUS. (B) Representative
conduction delays recorded from a C- fiber (upper) and an A- fiber (lower) undergoing five
protocols of FPUS at randomized intensities (0, 0.91, 2.99, 14.5, 28.2 W/cm2 ).
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ing the pre-stimulus phase (left to the 1st vertical dashed line), the conduction delay
maintains a constant value except the jitter within a single trial and intra-trial variation due to systematic noise. In the FPUS stimulation phase (in between two vertical
dashed lines), we notice drop of conduction delay, starting from the 21st pulse which
continues to drop in a progressive manner with sustained FPUS stimulation till the
40th pulse. This is also evident that the higher the FPUS intensity goes as well as
the longer the FPUS stimulus is being deployed for, the lower the conduction delay
trend line appears to be. As soon as the FPUS terminates, a progressive elevation of
conduction delay takes place during the post stimulus recovery phase (right to the 2nd
vertical dashed line). Finally, the conduction delay tends to retain the constant value
recorded initially in the pre stimulus phase which indicates the recovery of nerves
from FPUS stimulus effect.

A total of 31 fibers recorded from 11 mice were tested with the 20-20-50 protocol
at 2 to 5 stimulus intensities including a control protocol with no FPUS stimulation.
For each protocol the conduction delays of control, US stimulation, and recovery
were calculated as the average conduction delays from the 11th − 20th , 35th − 40th ,
and 81st − 90th stimulus pulse, respectively. The conduction delays from each axon
were normalized by their respective internal control and summarized in Fig. 3.2.2,
which showed significant reduction of conduction delays in terms of means (increased
conduction velocities) at all 4 FPUS intensities (one-way ANOVA, F6,429 = 371.13,
p<0.05; post-hoc comparison, p<.00000001 for 0.91 W/cm2 , p<.0001 for 2.99 W/cm2 ,
p<.0000001 for 14.5 W/cm2 , p<.000001 for 28.2 W/cm2 ). The reduction of conduction delay is completely recovered within 100 seconds after terminating the FPUS
stimuli, was also normalized and summarized in Fig. 3.2.2. Moreover, the box plot
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Figure 3.2.2: Combined conduction delays recorded from 15 C-fibers (left) and 16 Afibers (right) undergoing FPUS stimulation protocols. Each nerve fiber was subjected to
2- 5 FPUS protocols with different US intensities and no US stimulation as control. Each
measured conduction delay was normalized by the pre- FPUS control value.

corresponding to 0 W/cm2 represents an evaluation of the jitter internal to individual
CD time series due to systematic errors.

Gradual decrease of the mean values, demonstrated in Fig. 3.2.2, reveals that, the
more the US intensity increases the more the conduction delay decreases. Moreover,
by observing the box plots (3 to 6) individually, we can get an overall idea of the
extent of neuromodulatory effect induced by different intensity levels. As for example,
conduction delay was slightly reduced to 98- 99% for both A- and C- fibers with FPUS
of 0.91 W/cm2 (n = 15, 16 for C-, A- fibers) and markedly reduced to 95- 96% for
both A- and C- fibers at 28.2 W/cm2 . Finally, the last box plot is an evaluation
for the recovery of nerves with respect to the initial state where the ratio of the
conduction delay at post stimulus phase to pre stimulus phase has been calculated.
Initial conduction delay was retained up to 99.67 ± 0.8% for C- and 99.67 ± .7% for
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Figure 3.3.1: (A) Heat map generated by the infrared camera during continuous noncontact temperature measurement of the US focal region, depicting a single reading of 31.9°C.
(B) Measured temperature at the US focal region recorded during the 20-20-50 FPUS stimulation protocol at all four intensities.

A- fibers within 100 seconds after termination of the FPUS (n = 71 for C- fibers, n
= 65 for A- fibers).

3.3

Minimum local temperature effect by the 2020-50 FPUS stimulation protocol.

The change of local temperature around the focal region during the 20-20-50 FPUS
stimulation protocol was measured using an infrared camera with 0.1°C temperature
sensitivity as shown in Fig. 3.3.1A. The maximum increase of temperature during the
FPUS stimulation (40 sec) was less than 0.5°C even at the highest stimulus intensity
as shown in Fig. 3.3.1B.
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3.4

Histological assessment on FPUS effect

Transmission electron microscopy was used to find any probable post FPUS histological effect on the nerves according to the protocol described in methods. On this
purpose four sciatic nerves were used, each subjected to no US stimulation as a control, a low level FPUS stimulation intensity (0.91 W/cm2 ), a medium level intensity
(2.99 W/cm2 ), an extra-high level intensity (102.31 W/cm2 ), respectively. The cross
sectional views of those four nerves are presented in Fig. 3.4.1(A- D), sequentially.
Anatomically, there is no apparent difference among all four groups.
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Figure 3.4.1: Histological assessments by transmission electron microscopic images nerve
trunks undergoing the 20-20-50 FPUS stimulation protocol, at (A) no FPUS stimulation,
and FPUS stimulation of (B) 2.99 W/cm2 (C) 28.2 W/cm2 , and (D) 102.31 W/cm2

Chapter 4
Discussions
The promise of therapeutic ultrasound (US) in medical applications has been marked
by numerous research activities for ages and rejuvenated as an emerging modality
for treating neurologic disorders like essential tremor (Shaw et al., 2017), depression
(Kim et al., 2017), obsessive-compulsive disorder (Jung et al., 2015), dystonia (Fasano
et al., 2017), epilepsy, Parkinsons and Alzheimers disease alongside multifarious neuropathic pains (Abe and Taira, 2017; Hersh and Eisenberg, 2017). Though detailed
guidelines for US stimulation are yet to be published, in preliminary level, FDA has
approved the application of therapeutic US allowing a maximum intensity of (0.72
W/cm2 ISP T A ) (Casella et al., 2017). High-intensity focused ultrasound (HIFU) with
acoustic intensities ranging from 100 W/cm2 to 20 kW/cm2 also has been tested in
a number of clinical trials (Guan and Xu, 2016; Zhou, 2011) and approved by FDA
for the ablation of cancer cells in patients (Zhou, 2011; Copelan et al., 2015) via local
elevation of temperature up to 85°C. HIFU is also an approved tool for coagulative
necrosis in the brain to create stereotactic lesions, an irreversible ablation process
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(Fishman and Frenkel, 2017). US stimulation with intensity < 1 W/cm2 ISP T A were
reported by several studies (Kim et al., 2015; King et al., 2013; Yoo et al., 2011;
Tufail et al., 2010; Tyler et al., 2008) to show apparent effect especially on neurons
in the central nervous system. But from our current study on peripheral nerves,
no appreciable effects of focused ultrasound with intensity < 1 W/cm2 ISP T A were
observed in vitro. In addition, US stimulation with intensity from 1 to 100 W/cm2
ISP T A targeting CNS were reported to elicit different kinds of motor responses (Mehic
et al., 2014; Kim et al., 2014a; King et al., 2013) which agree with our observation of
increased nerve conductivity.

Between 1 and 100 W/cm2 ISP T A , effect of US stimulation on the PNS appears
to have no apparent thermal effect from studies by us and others. However, controversial outcomes of US stimulation from in vivo studies between 1 and 100 W/cm2
were reported (Casella et al., 2017; Juan et al., 2014) which could be attributed to
confounding factors of indirect effect of US on surrounding muscles, blood vessels,
and immune cells. Nonetheless, in vitro studies using US stimulation above 1 W/cm2
in which PNS nerves were harvested and isolated showed similar contradictory outcomes with some reporting suppressed action potentials (Lee et al., 2015; Colucci et
al., 2009), while others reporting increased excitability (Tsui et al., 2005) or mixed
results (Mihran et al., 1990).

Unlike the CNS neurons, PNS nerves do not have the protection of bony skull
or vertebrae but are tightly wrapped by multiple layers of connective tissues, which
function as electrical insulators to challenge direct neural recordings from individual
nerve axons. Consequently, the major metrics to assess US neuromodulation on PNS
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are mostly compound action potentials (CAP) as a summation of action potentials
from an unsplit nerve bundle (Lee et al., 2015; Juan et al., 2014; Colucci et al., 2009;
Tsui et al., 2005; Mihran et al., 1990), or evoked muscle forces less frequently used
for assessing motor nerve functions (Casella et al., 2017; Yoo et al., 2014; Kim et
al., 2014a; Foley et al., 2007). The shape of CAP (peak amplitude, temporal location) depends on the temporal summation of a population of action potentials with
different distances and insulation conductions from the recording electrodes. Thus,
the CAP has a distorted representation of the population of different nerve axons as
evidenced by much larger peaks contributed to by fast-conducting A- fibers than Cfibers despite the significantly smaller proportions of A- fibers. The CAP shape and
amplitude, which are not solely determined by action potential transmission, can also
be affected by the changes in recording conditions, e.g., change of access impedance of
recording electrode due to altered moisture conditions of the nerve filaments. Thus,
neither the changes in CAP amplitude nor the assumed changes in CV from CAP
(Fig. 4.0.1A) can provide us with a precise assessment of the modulatory effect of US
stimulation. In addition, evoked muscle forces attached to the modulated nerve does
not possess the adequate resolution to detect subtle changes in the individual nerve
axons and are also limited to studies of motor nerve axons innervating the specific
muscle.

Using single fiber recording, we have observed the progressive decrease in CD (increase in CV) following the onset of the FPUS stimulation, following almost a linear
trend (trial 3, 4 and 5 from Fig. 3.2.1) with increase of stimulus duration. The neuromodulatory effect of FPUS is comparable between fast-conducting A- fibers and
slow-conducting C- fibers, showing similar linear trend line of CD reduction and al-
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Figure 4.0.1: Plot of (A) a CAP representing the changes in pick amplitude and CD of
one or more fibers with an average CD and (B) single-unit recording depicting CD of a
distinct C- and A- fiber.
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most identical maximum extent of CD reduction at all four stimulus intensities: 98.41
± .6% vs. 98.75 ± .3% for 0.91 W/cm2 , 95.52 ± .9% vs. 95.89 ± .7% for 28.2 W/cm2
and the post recovery of 99.67 ± 0.8% vs. 99.67 ± .7%, respectively for C- and Afibers. Our results agree with the observations of (Tsui et al., 2005), where they
reported a consistent increase in CV with the increase of US intensity based upon
analyzing the CAP peak amplitude and CD. Due to the contradictory nature of the
reported US effect on peripheral nerves, our results did not support the following
studies in which the decrease in CV were reported (Juan et al., 2014; Mihran et al.,
1990; Young and Henneman, 1961). Moreover, (Casella et al., 2017) reported suppression of bladder contraction by US stimulation of posterior tibial nerve. However,
they could not conclude with the sonication effect as the underlying reason and also
pointed out to the relative infancy of research on US neuromodulation. High-intensity
focused ultrasound (HIFU) (> 100 W/cm2 ISP T A ) reportedly suppressed CAP amplitude in a portion of the nerves that recovered from the stimulus (Lee et al., 2015;
Colucci et al., 2009; Foley et al., 2007), the results of which are generally attributed
to the thermal effect of ultrasound resulting permanent degeneration of nerve fibers.
In our in vitro study, we observed irreversible elimination of action potential spikes
when intensity exceeds 65.5 W/cm2 ISP T A and henceforth, limit the intensity to be
below 28.2 W/cm2 to ensure a reversible modulation. The therapeutic potential of
HIFU to irreversibly alter the neural encoding of the peripheral nerves deserve further
consideration and future systematic investigations.

In this study, we examined whether any thermal effect induced by LIFPU caused
the change in conduction velocity. We used non-contact thermometry and continuously kept track of the temperature right at the focal region. The change in temper-
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ature was limited to ± 0.30°C at the focal region for all four intensities we used. We
further tested whether the higher intensities (65.5 W/cm2 and 102.31 W/cm2 ISP T A )
induce any temperature change for 40s of US application which was also limited to
± 0.30°C. These findings agree with previous studies showing that low intensity US
produces very little or no change in the temperature, especially in the pulsed stimulation mode (Tyler, 2012; Patel et al., 2008; Dalecki, 2004), which collectively support
the non-thermal mechanisms underlying ultrasonic neuromodulation at low intensity
range (< 100 W/cm2 ISP T A ).

We also observed that, low intensity focused pulsed ultrasound (LIFPU) can reliably and reversibly modulate the nerve conduction. The modulation effects, presented
in our study, were evoked by the US intensities (0.91, 2.99, 14.5 and 28.2 W/cm2
ISP T A ) covering an optimally diversified intensity range. The combined anatomic evidence showing no appreciable nerve tissue damage and functional data indicating full
recovery of nerve CV following FPUS strongly suggests that the US intensity, even
up to 28.2 W/cm2 ISP T A might be applicable to vertebrate peripheral nerve without
causing any anatomical, physiological and functional losses. We also observed similar
reversible modulation results with 65.5 W/cm2 ISP T A , which however caused total
elimination of action potentials in a portion of the nerve fibers tested. Thus, it is
possible to use the current in vitro setup to determine the safety limit (in terms of
intensity) for reversible US neuromodulation, a most wanted yet an unaddressed issue, which has been left as one of the future extensions of this study.

The next major extension of this study can include putting light on the mechanisms underlying US neuromodulation. In a recent review article, (Fini and Tyler,
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2017) have validated the capability of ultrasound in exertion of mechanical (nonthermal) bio-effects on neurons, which fully agree with our results. They have claimed
that, acoustic intensities ranging from 0.5 to 100 W/cm2 are more likely to exert non
thermal mechanical effects in nerves which has the least probability of causing tissue
heating. (Sassaroli and Vykhodtseva, 2016), in a review article, have accumulated
the existing biophysical models and hypotheses regarding acoustic neuromodulation
unifying electrical, chemical and mechanical aspects of neuronal activities. The biophysical models include, soliton model proposed by (Heimburg and Jackson, 2005),
the flexoelectricity hypothesis proposed by (Petrov and Mircevova, 1986), and the
neuronal intramembrane cavitation excitation (NICE) model developed by (Plaksin
et al., 2016). The soliton model, proposing the transmission of signal through nerve
as an electromechanical soliton wave packet rather than a complete electrical phenomenon, has failed to explain the role of voltage gated ion channels in AP generation. The flexoelectricity hypothesis which accounts for the curvature induced on
the lipid membrane by transmembrane voltage change, also failed to provide with
any relevant mathematical model. So far, the NICE model appears to be the most
convincing one using an alternating membrane capacitive current engendered by the
change of transmembrane capacity as a plausible mechanism of US stimulation. It
is hypothesized that US stimulation with sufficient intensity (> 0.10 W/cm2 ISP T A )
causes nanobubble formation in the intramembrane space which subsequently changes
transmembrane capacitance. But the validity of the NICE theorem is contingent upon
further experimental evidence to support this hypothesis. We contend that via singleunit recordings, new experimental paradigms could be designed to provide assessment
of the aforementioned theories and also to discover any new theorem that can properly
explain the non-thermal mechanism of LIFPU.

Chapter 5
Conclusions
In this study we have developed a robust single-unit recording setup and used it to
explore the neuromodulatory effects of US stimulation on peripheral nerve in vitro
preparation. Previous works on ultrasonic neuromodulation were limited by the use of
either behavioral tests or CAP as observation paradigms in most of the cases while the
earlier works with single- unit recording were accomplished on multifarious purposes
except observing the effect of US stimulation on nerves. By complementing each
other we have uncovered a few important results on US neuromodulation which were
controversial. We explored that, US stimulation alone cannot activate the nerves and
there is no apparent effect with stimulus intensity < 1 W/cm2 ISP T A . The CV increases
gradually and consistently with the increase of stimulus intensity and duration for
both C- and A- type fibers. The change in CV is reversible up to 28.2 W/cm2 ISP T A
and cannot be attributed to the change of local temperature. Our set up could
be improved using laser guided FPUS to accommodate US stimulation with higher
specificity and lower focal spread. Moreover, removal of artefact from the recorded
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signals would allow us to explore the effects on really fast conducting fibers which
are currently masked by the artefacts. In future, our experimental findings can play
a vital role to uncover the real mechanism of neuromodulation with LIFU along with
validating the existing hypotheses. In addition, it is possible to determine the safety
threshold of US neuromodulation as well as justify the use of HIFU as a non-invasive
therapeutic process by additional systematic studies using this setup.
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